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We present new sets of fragmentation functions for charged pions and kaons, both at leading
and next-to-leading order. They are 6tted to data on inclusive charged-hadron production in e e
annihilation taken by the TPC Collaboration at SLAG PEP (~s = 29 GeV) and to similar data
by ALEPH at CERN LEP, who discriminated between events with charm, bottom, and light-Bavor
fragmentation in their charged-hadron sample. In contrast with our previous analysis, where we

only distinguished between valence-quark, sea-quark, and gluon fragmentation, we are now able
to treat all partons independently and to properly incorporate the charm and bottom thresholds.
Because of the sizable energy gap between PEP and LEP, we are sensitive to the scaling violation in
the fragmentation process, which allows us to extract a value for the asymptotic scale parameter of
QCD, A. Recent data on inclusive charged-hadron production in tagged three-jet events by OPAL
and similar data for longitudinal electron polarization by ALEPH allow us to pin down the gluon
fragmentation functions. Our new fragmentation functions lead to an excellent description of a
multitude of other e+e data on inclusive charged-hadron production, ranging from ~s = 5.2 GeV
to LEP energy. In addition, they agree nicely with the transverse-momentum spectra of single
charged hadrons measured by Hl and ZEUS in photoproduction at the DESY ep collider HERA,
which represents a nontrivial check of the factorization theorem of the QCD-improved parton model.
In this comparison, we also find first evidence for the interplay between the direct- and resolved-
photon mechanisms and for the existence of a gluon density inside the photon.

PACS number(s): 13.65.+i, 13.60.Le, 13.87.Fh, 14.40.Aq

I. INTRODUCTION

The advent of precise data on inclusive hadron pro-
duction at pp, ep, and e+e colliders offers the challeng-
ing opportunity to quantitatively test the @CD-improved
parton model. The inclusive cross section is expressed as
a convolution of the parton density functions (PDF's),
the partonic cross sections, and the &agmentation func-
tions (FF's) of the quarks and gluons into the outgo-
ing hadrons. The factorization theorem ensures that the
PDF's and FF's are universal and that only the hard-
scattering partonic cross sections change when different
processes are considered. While there exist highly sophis-
ticated sets of the PDF's for the incoming protons and
photons, which are needed for the analysis of inclusive
particle production in pp and ep reactions, the status of
the quark and gluon FF's is much less advanced. The
most direct way to obtain information on the FF's is to
analyze the energy spectrum of the hadrons into which
the jets produced by e+e annihilation &agment.

Recently, we performed such an analysis to extract
FF's for charged pions and kaons at leading order (LO)
and next-to-leading order (NLO) in @CD [1]. These
FF's were generated through fits to e+e -annihilation

data taken at center-of-mass (c.m. ) energy ~s = 29
GeV by the Time-Projection Chamber (TPC) Collab-
oration at SLAC [2]. About one year ago, these were the
most precise data for charged-pion and -kaon production.
Our FF's also led to rather satisfactory descriptions of
other e+e data on charged. -particle production at lower
(DESY storage ring DORIS [3,4]), similar (SLAG e+e
storage ring PEP [5]), and higher energies (DESY e+e
collider PETRA [6,7], KEK TRISTAN [8], and CERN
e+e collider LEP [9]).

These new parametrizations, in particular, the NLO
sets, were tested against data on single-charged-hadron
production obtained by the Hl Collaboration in ep-
scattering experiments at the DESY ep collider HERA
[10] in Refs. [10,11] and against similar data obtained
in various pp experiments in Ref. [12]. The agreement
between experimental data and theory turned out to be
very satisfactory. This motivates us to further improve
the FF s, especially since detailed high-statistics data on
charged-hadron production at LEP have become avail-
able [13—16]. For our extended analysis, we shall employ
very accurate data &om the ALEPH Collaboration at
LEP, who partly discriminated between pions and kaons
[14]. In the data sample without discrimination of the
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hadron species, they distinguished between three cases,
namely, fragmentation of (i) u, d, and s quarks, (ii) b

quarks only, and (iii) all five quark flavors (u, d, s, c,
and b) In. particular, the latter data on the fragmenta-
tion of specific quark flavors enable us to remove a the-
oretical assumption which we had to make in our ear-
lier work [1], namely, that the s, c, and b (d, c, and b)
quarks fragment into charged pions (kaons) in the same
way. As is well known, 6 quarks are produced consid-
erably more copiously at the Z resonance than at lower
c.m. energies. Therefore, ALEPH was able to separate
the fragmentation of b quarks into charged hadrons &om
the &agmentation of all other quarks. On the basis of
these new ALEPH data on charged-hadron production,
Cowan [13] has performed a similar analysis using the
Altarelli-Parisi (AP) equations [17] for the Q2 evolution
and incorporating data &om other experiments at lower
energy. The scope of his analysis is quite difFerent &om
ours. He concentrates on charged-hadron data and is
chieBy interested in establishing the scaling violation so
as to determine a, (M&2). Another significant difFerence
is that he uses a rather high starting scale Qp = 22 GeV,
which lies well above the scale characteristic for our ep
studies. Similarly to the case of PDF's, the method of
choice for our purposes is to use simple parametrizations
at the low threshold scales.

A problem that requires special attention is related to
the gluon &agmentation into charged hadrons. Although
the gluon does not couple directly to the electroweak cur-
rents, it contributes in higher orders and mixes with the
quarks through the Q2 evolution. This renders it very
difBcult to pin down the gluon FF by using just the en-
ergy spectrum of hadrons produced by e+e annihilation.
However, the gluon &agmentation can be probed in e+e
annihilation by exploiting tagged three-jet events or lon-
gitudinal polarization. As in our earlier work [1], we use
the information on tagged three-jet events made available
by the OPAL Collaboration [15] to test our gluon FF. Re-
cently, in Ref. [12], it was shown that a sufficiently sizable
gluon FF into charged hadrons is essential to reach good
agreement with the data of single-charged hadron pro-
duction in pp processes. Since gluon production is also

significant in ep collisions at HERA, we should be able to
further test the strength of the gluon FF extracted &om
e+e data by making comparisons with data on inclusive
photoproduction of charged hadrons recently collected by
the Hl [10] and ZEUS Collaborations [18].

It is the purpose of this work to make use of the re-
cent data by ALEPH [13,14] in addition to the data by
TPC [2] and OPAL [15] to construct new sets of LO and
NLO FF's without imposing identities between the FF's
of difFerent ffavors. (We shall still identify the FF's of
u and d quarks into charged pions and those of u and
s quarks into charged kaons. ) The new FF sets will be
tested against additional e+e data &om LEP and e+e
colliders with lower c.m. energies. In addition, we shall
study single-charged-hadron production in ep collisions
under HERA conditions in order to check the consistency
of our FF's with the new Hl [10] and ZEUS data [18], in
particular with respect to the issue of the gluon FF.

This work is organized as follows. In Sec. II, we shall
introduce the formalism needed to extract the FF's &om
e+e data on inclusive single-hadron production at NLO.
In Sec. III, we shall present the formulas that describe
inclusive single-hadron production in ep collisions with
almost real photons. Section IV will deal with the actual
analysis and the discussion of our results. In Sec. V, we
shall check our results against e+e data which we did
not use in our fits and against the recent Hl and ZEUS
data. Our conclusions will be summarized in Sec. VI.
As in our earlier work [1],we shall list, in the Appendix,
simple parametrizations of our FF sets.

II. FORMALISM FOR e+e REACTIONS

The inclusive production of a hadron h, by e+e anni-
hilation,

e+e m (p, z) + h+ 2c,

is completely characterized by three observables. These
are the energy &action of the outgoing hadron x
2Eh/~a, its angle with the beam axis 0, and the total
energy of the system ~s. The cross section of process (1)
exhibits the angular structure

(2)

where the superscripts T and L denote the contributions due to transverse and longitudinal polarizations, respec-
tively, and the asymmetric term, labeled A, accounts for the interference of the photon with the Z boson. Usually,
experiments do not determine 0 distributions. Thus we shall integrate over 8. This will eliminate the asymmetric
term in Eq. (2).

The partonic subprocesses may be exactly treated in perturbative /CD. However, this is not yet possible for the
process of hadronization. As explained in the Introduction, the latter is described in terms of phenomenological FF s,
which must be extracted from experiment. In the language of the @CD-improved parton model, the x distribution of
process (1) emerges from the x distribution (do /dx)(x, y2, Q2) of e+e -+ a+A' through convolution with D"(x, Q2):

Otot

1 do. (e+e —+ h+ A) & dz h, 2)
1 do

dx a

Here, the sum extents over all active partons (a = u, d, s, b, gc), p is the renormalization scale of the partonic
subprocess, and Mf is the so-called &agmentation scale. At NLO, Mf defines the point where the divergence associated
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with collinear radiation oK parton a is to be subtracted. Throughout this paper, we neglect finite-quark-mass efFects
in the matrix elements. In order to be able to compare our calculations with experimental data, we normalize the
cross section to

Nf
2

&tot = +~ P ~q. oo, (4)

where pro = (4am j3s) is the total cross section of e+e ~ p+y, for massless leptons, 1V, = 3, eq,. is the electroweak
charge of quark q; in units of the positron charge, and Ny is the number of active fiavors. In Eq. (4), we take into
account the enhancement of the contributions due to down-type quarks at the Z pole. Since the absolute normalization
is determined experimentally only to the 4%%uo level, we neglect corrections to crt q in higher orders of n, .

To NLO in the modified minimal subtraction scheme (MS) scheme, the cross sections of the relevant subprocesses
are given by

q'
(y, p2, M&) = e 1V b(1 —y) + P~ ' l(y) ln 2 + Kq (y) + Kq (y)

s(y, p, M&) =2 P~ ' l(y)ln 2+K (y)+Ks(y)

P &' (y) is the LO term of the transverse a -+ b splitting function:

P (y .(q')) =P" '(y)+ ' P.". '(y)+" .
27r

The K functions have been presented in Ref. [19]. The NLO formula of o.,(p ) may be found, e.g. , in Ref. [20]. The
scales p and Mf are usually identified with the only intrinsic energy scale ~s. For this choice of scales, the terms in
Eq. (5) involving in(s/M&) are suppressed, so that the NLO corrections are expressed just in terms of the K functions.
At LO, only the transversely polarized photon and Z boson contribute to the cross section. The longitudinal cross
sections of the subprocesses are given by

do-~
*(yp, Mf) = ' Cp. N,

2

dy
' ' f

~ (~') 4(1 —y)
dg 2K g

y, p, , Mf

Having defined the partonic subprocesses, we now turn to the FF s. Their x distributions are not yet calculable in
the framework of perturbative @CD. However, once we know them at some scale Q20, the Q2 evolution is determined
by the AP equations [17]. Our task is thus to construct a model for the x distributions at a starting scale Qo, which,
after evolution, fits the data at scale Q2. The AP equations read

2 1 d—""P;.(y, -.(q'))D."
~

—,q' ~,dlnq' *'
2~ . . y

'"' ' '(y'
that is, we have to solve a system of integro-differential equations. This may be achieved with the help of the Mellin-
transform technique [21]. The essential property of this transformation is that it renders convolutions to products. In
fact, denoting the moments of P

&
and D" by A p and M, respectively, we have

n 2

,M+(n, q') = ' A„.(n, ~.(Q'))M+(n, q'),

2

Mg(n, Q ) = Aqq(n, n (Q ))M~(n, Q ) + Asq(n, a (Q ))MG. (n, Q )

n 2

M~(n, Q2) = '
IAqs(n, n, (q ))M~(n, Q ) +Ass(n, n, (Q2))MG(n, Q )

where A„, refers to the usual nonsinglet combination of quark and antiquark splitting functions [21],the LO expressions
for A i, may be found in Refs. [21,22) and the NLO ones in Ref. [23], and
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M+(n, Q ) = — Mq, . (n, Q ) + Mq, (n, Q ) — M~(n, Q ),

Ny

Mg (n, Q ) = ) Mq, (n, Q ) + Mq, . (n, Q )
i=1

MG(n, Q ) = Mg(n, Q ). (10)

We do not include the combinations M,. = Mq, —M&, , which are asymmetric under baryon-number symmetry, since
we do not distinguish between quarks and antiquarks. Note that the nonsinglet terms M;+ decouple &om the gluon.
The solutions of Eq. (9) factorize:

M(n, Qz) = E(Qi, Q2, Ny) M(n, Qi).

The relevant evolution operators E(Q2i, Q2, Ny) have been calculated in Ref. [21]. For instance, in the nonsinglet case,
the NLO operator reads

E('.)(q'„q', , N, ) =
2

2 A(0)
n (qi) " "'

(Q2)
1+ n. (qz) —n. (qi) ~&Lli~(o) 2 ~(i)& (12)

III. FORMALISM FOR ep REACTIONS

In this section, we shall outline the formalism pertinent
to inclusive photoproduction of hadrons with ep collid-
ers, and in particular with HERA. According to present
HERA conditions, E = 26.7 GeV electrons collide with
E„=820 GeV protons in the laboratory kame, so that
i/s = 296 GeV is available in the c.m. frame. Among
the experimentalists it has become customary to take the
rapidity y~~b of hadrons traveling in the proton direction
to be positive. The c.m. rapidity y is related to y~ b
by

1 E„
yc.m. = ylab

e
(13)

where Po = (33 —2Ny)/3 a'nd Pi ——(306 —38Nf)/3.
The corresponding equation for the coupled system ex-
hibits a similar structure and is omitted here for ease of
presentation. The subtraction in Eq. (12) has the effect
that, at Q2 = Qo, the FF's are equal to the ansatz also
at NLO. In this respect, we difFer &om the approach of
Ref. [1]. We evolve the FF's in three steps. We start
with three quark flavors at the scale Qe and evolve up
to the charm threshold using the evolution operators
E(QO, 4m„3). There the charm FF is added to the set of
FF's, which, in the second step, are evolved to the bottom
threshold employing E(4m2„4m&, 4). In the final step,
the FF's of all Gve quark Qavors are evolved to the con-
sidered c.m. energy Q with the help of E(4m&, Q, 5).

Strictly speaking, our QCD formalism is appropriate
only for the strongly produced pions and kaons. However,
a minor &action of the observed events is due to pions and
kaons that are produced through weak decays of primary
D and B mesons. In this case, it is unclear whether the
usual Qz evolution may be applied. In our analysis, we
assumed that this may be done. A more careful study
would require that the experiments discriminate strongly
and weakly produced pions and kaons, which was not the
case for the data used here.

I

In photoproduction, the electron beam acts like a source
of quasireal photons, so that HERA is effectively oper-
ated as a pp collider. The appropriate events may be dis-
criminated &om deep-inelastic-scattering events by elec-
tron tagging or antitagging. The photon Hux is well ap-
proximated by the Weizsacker-Williams formula [24]

1+(1—z)', Q'.„"q',„
(

+2m, z
~

(14)

where z = E~/E„q;„= m2z /(1 —z), and Q
0.01 GeVz (0.02 GeV ) for tagged events at Hl (ZEUS).
The cross section of ep ~ 6+X emerges from the one of
pp —+ h+ A by convolution with f~~, (z). By kinemat-
ics, z;„& z & 1, where z;„=pT exp( —y, )/[i/s-
py exp(y, )]. In our analysis, we shall impose 0.3
z & 0.7 and 0.318 & z & 0.431 to be in conformity with
the Hl and ZEUS event-selection criteria, respectively.

It is well known that pp —+ h, + X proceeds via two
distinct mechanisms. The photon can interact either di-
rectly with the partons originating from the proton (di-
rect photoproduction) or via its quark and gluon con-
tent (resolved photoproduction). Both contributions are
formally of the same order in the perturbative expan-
sion. Leaving aside the proton PDF Gf(x, Mz) and the
FF D"(x, M&), which represent common factors, the LO
cross sections are of O(nn, ) in both cases. In the case
of the resolved mechanism, this may be understood by
observing that the ab ~ cd cross sections, which are of
O(n, ), get dressed by the photon PDF G~(x, Mz), whose

leading terms are of the form n ln(M /A ) oc n/n„with
A being the asymptotic scale parameter of QCD. Here,
a, 6, c, d denote quarks and gluons. In fact, the two mech-
anisms also compete with each other numerically. Re-
solved photoproduction dominates at small pT and posi-
tive y~ b, while direct photoproduction wins out at large
p~ and negative y~ b.
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The LO calculation suffers from significant theoretical
uncertainties connected with the freedom in the choice
of the renormalization scale p of n, (p ) and the factor-
ization scales Mp Mp Mh In order to obtain reliable
predictions, it is indispensable to proceed to NLO. We
shall first consider resolved photoproduction, which is

I

more involved. Starting out from the well-known LO
cross section of pp ~ h + X, one needs to include the
NLO corrections K b~ to the hard-scattering cross sec-
tions, to substitute the two-loop formula for n„and to
endow G~, Gb, and D" with NLO evolution. This leads
to

h
dso(pp. —i b, + A) . dzh= ) dx~dx„2 G~(x~, M )Gs(xp, M„)D,"(xh, M„)

Ph ~bc
1 dao 2

x —— '(i, v; p, )b(1 —io) + ' K b~, (s, v, iU; p, M, M„,Mh)
'll 8 V dV 27r

(15)

where der &,/dv are the LO hard-scattering cross sec-
tions, v = 1+t/s, and zo = —u/(s+t), with s = (p +pb)
t = (p —p, )2, and u = (pb —p, ) being the Mandelstam
variables at the parton level. The parton momenta are
related to the photon, proton, and hadron momenta by
p~ = x~p~, ps zppp, and p, = ph, /xh, . The indices
a, b, t" run over the gluon and Ny flavors of quarks and
antiquarks. In this paper, we shall take Ny ——5. The
K g~, functions inay be found in Ref. [25] for Mz ——Mz.
This restriction was relaxed in Ref. [26].

The NL0 cross section of direct photoproduction
emerges from Eq. (15) by substituting G~(x~, M~)
h(1 —z~), replacing do~&~, /dv and K s~, by do'~&~, /dv
and K~b~, respectively, and omitting the sum over a.
The K~g~, functions were first derived in Ref. [27], set-
ting M~ = Mp ——Mh and taking the spin average for
incoming photons and gluons to be 1/2. In Ref. [26], the
scales were disentangled and the spin-average convention
was converted to the MS scheme, i.e. , to be 1/(n —2),
with n being the dimensionality of space-time. Ana-
lytic expressions for the K~b~ functions are listed in
Ref. [28]. Quantitative studies of inclusive photo-
production of hadrons at HERA via the direct- and
resolved-photon mechanisms in NLO may be found in
Refs. [26,28,29].

IV. B.ESULTS

In general, data of inclusive hadron production at e+e
colliders are most suitable for the extraction of the FF's;
in the case of fixed-target, collider, and ep data, the infor-
mation on the FF's is obscured by theoretical uncertain-
ties arising from the PDF's and the choice of factorization
scales connected with the initial state. For our analysis,
we select the data on charged-pion and -kaon production
taken at energy vs = 29 GeV by the TCP Collabora-
tion at SLAC [2] and those collected at ~s = Mz by the
ALEPH Collaboration at LEP [14]. In order to constrain
the FF's of the different quark flavors, we employ the
ALEPH data [13] on charged-hadron production for the

The LO cross section of direct photoproduction does not
depend on M~.

I

three cases: (1) sum over all quark flavors (u, d, s, c, b) (2)
sum over u, d, s quarks, and (3) b quark. These data corn-
bine small statistical errors with fine binning in x and are
thus more constraining than data collected by other e+e
experiments in the energy range from 5.2 to 55 GeV. For
this reason, our approach is to fit exclusively to TPC
and ALEPH data and to use the other data for cross-
checks. To control the gluon FF, we exploit, as in our
previous work [1], the information on the tagged three-
jet events by OPAL [15] presented by Nason and Webber
[15], who applied small corrections to the original data.
However, these data comprise just five points and are not
very constraining. For the fitting procedure, we use the x
bins in the interval between x;„=max(0. 1, 2 GeV/~s)
and 0.8 and integrate the theoretical functions over the
bin widths as in the experimental data. The restriction
at small x is necessary to exclude events in the nonper-
turbative region, where mass effects are important and
our formalism is bound to fail. We parametrize the x
dependence of the FF at Qp as

D"(x, Qp) = JV x (1 —z)~ (16)

In contrast with our previous work [1], we now only im-

pose the conditions D&
+ ——D„+ and D, +

D„+~ . For all the other FF's, including those of the
gluon, we keep N, n, and P as independent fit parame-
ters. This means that, together with A, which we also
keep as a free parameter, we have a total of 31 indepen-
dent fit parameters.

The quality of the fit is measured in terms of the
average yDF for all selected data points. Our techni-
cal procedure is as follows. We consider Eq. (3) at
p —Mf = ~s = 29 GeV and Mz as a function of the
31 parameters that determine the x dependence of the
FF's at the respective values of Qp, which we take to be

Qp = ~2 GeV for u, d, s, Qp ——m(g ) = 2.9788 GeV
[20] for c, and Qp

——m(T) = 9.46037 GeV [20] for b.

Using a multidimensional minimization algorithm [30],
we search this 31-dimensional parameter space for the
point at which the deviation of the theoretical predic-
tion &om the data becomes minimal. When we fit to
charged-hadron data, we must include the contribution
due to protons and antiprotons. To this end, we intro-
duce a function f (z) which parametrizes the ratio of the
cross sections of p+ p and m. + + m production as mea-
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sured by ALEPH [14]:

f(z) = 0.195 —1.35 (z —0.35)

Thus, the charged-particle production cross section is
given by

d~m+ +m
= [1+f(*)1

g~h++h
(18)

D{~,LO)
( q2)

D{m,LO)
( q2)

D{~,LO)
( q2)

D{m,LO)
( q2)

D{~,LO)
( q2)

in LO and

D{m,LO)
( q2)

1 09 z 85 (1 — )1.44

3.48 z ' (1 —z)
45lz (1 — )

.

3 60z ' (1 — )712

6.57z (1 —z) .

D{~,NLO)
( q2) D{~,NLO)

( q2)
= 115z-"4 (1 — )'4'

D{~,NLO)( q2) 4 25 —0.77 (1 )4 48

D{m,NLO)( q2) 3 99 p 79 (1 )4 78

)(z q2) 4 01z—1.03
(1 )7.88

D{m,NLo) (z q2) 5 53 z 0'32 (1 — )
2.70

in NLO. For the sum of the charged kaons, we find

(20)

+
dx dx dx

To test the perturbative stability, we perform fits in LO
and NLO, although we are primarily interested in the
NLO results.

Our results are listed below. For the sum of the
charged pions, we obtain

D{K,LO)
( q2) D{K,LO)

( q2)
=038z (1 —z) '

D{ )
( q2) 1 12 —0.92 (1 )2.85

D{K,LO)( q2) 0 62
—0.67 (1 )2,48

D{KLO)
( q2) 0 73

—0.80 (1 )
2.83

D{K,LO)
( q2) 0 37 —0.21 (1 )

3,p7 (21)

in LO and

D{K,NLO)
( q2)

D{K,NLO)
( q2)

D{K,NLQ) (z q2)
D{KNLO)

( q2)
D{K,NLO)

( q2)

D{K,NLO)
( q2)

0 31 —0.98 (1 )0.97

1 08
—0.82 (1 )2.55

0.81z ' (1 —z) '

0 61
—0.88 (1 )2.93

0 31 —0.17 (1 )0.89 (22)

in NLO. Here, it is understood that the qp values refer
to the individual starting points given above. The yDF
values achieved for the difFerent data sets may be seen
from Table I.

For the reader's convenience, we list simple
parametrizations of the z and q2 dependences of these
sets in the Appendix. We believe that such parametriza-
tions are indispensable for practical purposes, especially
at NLO. However, we should caution the reader that
these parametrizations describe the evolution of the FF's
only approximately. Deviations in excess of 10' may oc-
cur for x & 0.1 or x & 0.8, in particular for the gluon.
While this kind of accuracy is fully satisfactory for most
applications, it is insufhcient for the comparison with the

TABLE I. c.m. energies, types of data, numbers of data points used, and yDF values obtained
at NLO and LO for the various data samples discussed in the text, The data used in the fits are
marked by an asterisk.

~s [GeV]
91.2

55.2
43.7
35.0
34.0

29.0

9.98

5.20

Data type
o" (all Qavors)
o" (u, d, s)

5

0
K

Dh
9

o." (longitudinal)
o" (all flavors)

h

CT

h

0
K
h

o
K

0
K

0
K

Ref.
[13]
[»]
[13]
[14]
[141
[15]
[13]
[9]

[7]
[6)
[7]
[7]
[5]
[2]
[2]
[4]
[4]
[3]
[3]

No. of points
23
23
23
13
13
5
10
22
7
3

22
6
2

14
18
18
19
14
5
3

yDF in NLO
0.43
0.86
0.97
0.82
0.47
4.65
8.24
0.97
1.07
0.86
0.37
1.27
0.93
1.49
1.12
0.73
1.47
1.06
1.35
1.60

gnat in LO
0.45
1.02
0.84
0.94
0.77
4.47

1.02
1.09
0.85
0.75
0.78
1.04
1.44
1.28
0.76
1.97
1.29
0.50
2.14
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high-statistics data collected at LEP. We wish to point
out that all yDF values presented in this paper have been
computed with the full AP-evolved results, which have an
estimated relative error of less than 0.470.

Our FF s exhibit good perturbative stability. In gen-
eral, there is only little difFerence between our LO and
NLO sets. The only appreciable difFerence occurs for D
Since we included in our fit high-quality data from two
very difFerent energies, namely, 29 and 91.2 GeV, we are
sensitive to the running of o., and are, therefore, able to
extract a value of A, appropnate to five active quark(5)

flavors. We find A = 227 MeV (108 MeV) in NLO

(LO), which corresponds to n, (M&) = 0.118 (0.122), in
good agreement with the value 0.120 + 0.008 extracted
from a global fit to the Z-boson observables measured at
LEP [31]. We find that the error on A due to faked
scaling efFects in connection with the distinct fiavor com-
position at the Z resonance is of the order of 20 MeV. We
are quite insensitive to other sources of uncertainties in
A, such as the one related to the relative normalization
of the data.

In this context, we also wish to mention nonpertur-
bative power corrections to the fragmentation process.
We assume throughout that such corrections are small

and need not be considered when analyzing the presently
available data. The good agreement between our re-
sults and the various measurements nicely supports this
assumption. However, it cannot yet be excluded theo-
retically that corrections to inclusive timelike processes
(such as e+e annihilation) might be of order 1/Q, which

would correspond to a sizable uncertainty in A

Since we have built in the cc and bb thresholds, we have
three different starting scales Qo. To illustrate the rela-
tive size of the FF's, we have plotted them in Figs. 1(a)—
1(d) as functions of z for Q = 10 GeV. We observe
that, in the case of the pion sets, the 6-quark distribution
is rather soft, whereas the u-quark distribution is quite
hard.

The goodness of our fits to the TPC [2] and ALEPH
data [14] on charged-pion and -kaon production inay be
judged &om Figs. 2 and 3. The fit to the charged-hadron
data by ALEPH is seen in Fig. 4, where we show the con-
tributions due to (1) u, d, s, (2) b, and (3) all flavors. We
also compare the contribution due to gluon &agmentation
into charged hadrons with the data obtained in the three-
jet analysis by OPAL [15]. The solid (dotted) curves cor-
respond to our NLO (LO) analysis. Our fits describe the
data quite well. Even for z ( x;„,they agree with the

10 10 (b)-.

0.1
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0.001 0.001
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FIG. 1. x dependence of the FF's at Q = 100 GeV for (a) charged pions at NLO, (b) charged pions at LO, (c) charged
kaons at NLO, and (d) charged kaons at LO.
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FIG. 2. DifFerential cross section of inclusive charged-pion
production at LO (dashed lines) and NLO (solid lines) as a
function of x at Vs = 5.2 [3], 9.S8 [4], 29 [2], 34 [7], and
S1.2 GeV [14]. Upper curves correspond to lower energies.
The theoretical calculations are compared with the respective
experimental data.

100

FIG. 4. DifFerential cross section of inclusive
charged-hadron production at LO (dashed lines) and NLO
(solid lines) as a function of x at ~s = 29 [5], 35 [6], 55.2 [8],
and 91.2 GeV [13,15]. Upper curves correspond to lower ener-
gies. The downmost four curves all refer to LEP energy. The
second and third of them correspond to the contributions due
to the u, d, s quarks and the b quark [13], respectively. The
fourth spectrum shows the z dependence of the gluon FF
as measured by OPAL [15]. The theoretical calculations are
compared with the respective experimental data.
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FIG. 3. Same as in Fig. 2 for charged kaons.

data as long as x is not extremely small. For very small
x, the physical cross sections behave differently due to
finite-mass eKects connected with the produced hadrons.
This may be described using the so-called modified lead-
ing logarithmic approximation (MLLA) combined with
local-parton —hadron duality [14,32]. In principle, the
very-small-x behavior following from this theory could be
combined with our ansatz (16) for moderate and large
x. However, this would reach beyond the scope of the
present analysis and has not been attempted. Actually,
the goodness of our fits at extremely small x is not rel-
evant for our applications, since the main contributions
to the pp cross sections come &om moderate x. For the
data that we fitted to, we find y~DF values of 0.92 (0.99)
at NLO (LO), if we include the gluon information. Leav-
ing out the gluon data, we obtain 0.78 (0.86). As may be
seen &om Table I, the five gluon data points contribute
an extraordinarily high value of yDF.

This concludes the description of our fit procedure and
the quality of the fit to the data used. In the next sec-
tion, we shall first study to what extent our FF's also
account for other data, both below and at the Z reso-
nance, including the longitudinal cross section at the Z
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peak, which has recently been measured [13]. In addition,
we shall confront our prediction for charged-particle pro-
duction in ep scattering at HERA with the data by Hl
[10] and ZEUS [18].

V. APPLICATIONS

In order to gain confidence in the validity of our new
FF sets, we shall now test them against data which were
not used in our fits. Specifically, we shall consider data on
charged-pion and -kaon production taken by the DASP
[3] and ARGUS Collaborations [4] at DORIS and the
TASSO Collaboration [7] at PETRA. Furthermore, we
shall make comparisons with charged-hadron data col-
lected by Mark II [5] at PEP, CELLO [6] at PETRA,
AMY [8] at TRISTAN, and DELPHI [9] at LEP. In the
latter case, we shall assume that the percentage of the
produced protons and antiprotons relative to the charged
pions may be approximated for all energies by the func-
tion f (x) given in Eq. (17), so that Eq. (18) is valid. For
each of these data samples, we list in Table I the c.m.
energy, the number of data points with x;„&x & 0.8,
and the resulting y&F values in NLO and LO. We see
that all these data are fitted rather well, with yDF val-
ues of the order of unity. In fact, these yD2F values are
comparable with those we obtained for the TPC [2] and
ALEPH [13,14] data, to which we actually fitted. This
serves as a nontrivial consistency check for our procedure
and tells us that a global fit to all data would not further
improve the goodness of our FF's. The LO and NLO val-
ues of yDF are very similar, with a slight preference for
our NLO set. The good agreement with the DASP [3],
ARGUS [4], and TASSO [7] data of charged-pion and
-kaon production is also demonstrated in Figs. 2 and 3,
respectively. The ARGUS data are also very well de-
scribed for x & x,„t. In Fig. 4, we present the com-
parisons of our theoretical results with the Mark II [5],
CELLO [6], and AMY [8] measurements of charged-
hadron production. We see from Figs. 2—4 that the LO
and NLO calculations agree very well at v s = 91.2 GeV,
whereas they tend to deviate at smaller energies, the dis-
crepancy being up to 3070 at i/s = 5.20 GeV and medium

Another method to extract information on the gluon
FF is to analyze the longitudinal cross section do' /dx
defined in Eq. (2). Similarly the total cross section
der/dx = do. /dx + do~/dx defined in Eq. (3), which
we have considered so far, der+/dx may be represented
as a convolution of the FF's with the longitudinal cross
sections of the individual subprocesses given in Eq. (7):

100

10

+

T

0.1

0.01

e

0.001

0.0001

and do +/dx, the gluon FF can only be extracted to LO.
ALEPH [13] and OPAL [33] have recently presented pre-
liminary data on do ~/dx. In Fig. 5, we evaluate Eq. (23)
with our NLO FF's and two-loop o., and compare the
result with the ALEPH data [13]. The result obtained
(solid curve) falls short of the data by a factor of 2. At
this point, we have to keep in mind that Eq. (23) is a LO
prediction, and one should be prepared to allow for a K
factor, which is typically larger than 1. This K factor
may be simulated by changing the renormalization and
factorization scales. Assuming a scale of 20 GeV, we are
able to nicely describe the data. This comparison pro-
vides us with some useful check on the gluon FF at low
x. A similar scale change was considered by Webber in
connection with Monte Carlo studies of this observable
[33].

The factorization theorem guarantees that the FF's
characterize the hadronization phenomena in a process-
independent way; i.e. , the FF's that have been extracted
&om e+e data may also be used to make predictions for
other types of experiments, e.g. , at pp, ep, and hadron
colliders, fixed-target facilities, etc. In the following, we
shall make NLO predictions for inclusive photoproduc-
tion of charged hadrons at HERA and confront them with
recent high-statistics data taken by Hl [10] and ZEUS
[18]. We shall focus attention on the pT spectrum of the
produced hadrons, averaged over a certain y~ b interval.
We shall work at NLO in the MS scheme with Nf ——5
quark flavors, set p = M~ = M„= M~ = (pT, and adopt
the photon and proton PDF from Refs. [34] and [35],
respectively, along with our FF's for charged pions and
kaons. Unless stated otherwise, we shall choose ( = 1.
We shall evaluate n, with A = 158 MeV [35]. As we

have seen in Sec. III, Hl and ZEUS apply different crite-
ria to select the photoproduction events, which may be
simulated by appropriate choices of the photon-energy
cuts and the Qz „value in Eq. (14). Another difference

n (q )~ ~~ ~ ~o ) zDa( q2)
o tot dx 2m' z 0 tot i=1

0.2 04 0.6 0.8

+4 ——1 D" z, +0o, (23)

Since Eq. (23) is only given to LO in n„ the n, value here
is not expected to be the same as the one in the NLO
relations (3)—(6). Thus, &om measurements of do /dx

FIG. 5. DifFerential longitudinal cross section of inclusive
charged-hadron production at NLO as a function of x at
~s = 91.2 GeV. The dashed line is obtained by choosing the
renormalization and fragmentation scales to be 20 GeV. The
theoretical calculations are compared with the experimental
data [13].



4956 J. BINNEWIES, B.A. KNIEHL, AND G. KRAMER 52

is that the yj b range presently covered by the H1 detec-
tor is —1.5 & y~ b & 1.5, while the ZEUS detector covers
—1.2 & yi b & 1.4.

In Figs. 6 and 7, we con&ont the H1 and ZEUS data,
respectively, with the corresponding NLO calculations
performed with our new FF sets for charged pions and
kaons. The agreement is almost perfect for p~ & 4 GeV.
For higher values of pz-, the central values of the mea-
surements tend to depart &om our predictions in both
directions, but, at the same time, the experimental errors
become larger. We shall have to await more statistics in
the high-pT range until we can reach Gnal conclusions
concerning the agreement of experiment and theory. So
far, Hl and ZEUS have not detected separately charged
pions and kaons. We would like to take this opportu-
nity to encourage these collaborations to tackle such a
separation, since this would allow us to test the factor-
ization theorem of QCD in greater detail. In Fig. 8, we
repeat the analyses of Figs. 6 and 7 for the average of the
positively and negatively charged kaons (dashed lines)
and compare the outcome with the full results for Hl
and ZEUS shown in Figs. 6 and 7, respectively (solid
lines). We see that, in the case of Hl (ZEUS), the ratio
of charged kaons to charged pions ranges between 37'%%up

and 60%%uo (37'%%uo and 63%%uo) for pT between 1.5 GeV and
15 GeV. Having gained a solid amount of confidence in
the validity of our FF's, we may ask the question whether
the H1 and ZEUS data already show evidence for the co-
existence of the direct- and resolved-photon mechanisms.
Toward this end, we compare in Fig. 9 the full calcula-
tions of Figs. 6 and 7 with the respective direct-photon
contributions. The direct-photon contribution exhibits a
discontinuity at pT 3 GeV. This is due to the onset of
the charm FF in connection with the pg -+ cc subpro-
cess, which is not suppressed. In the case of Hl (ZEUS),
the direct-photon contribution amounts to between 9%%up

and 49%%uo (10%%uo and 52'%%uo) of the total result for pT be-
tween 1.5 GeV and 15 GeV. Also, here, we need more
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FIG. 7. Same as in Fig. 6 for ZEUS [18].

statistics at high pT before we can claim to have detected
the direct-photon mechanism in the inclusive photopro-
duction of hadrons at HERA. Of course, a precise ex-
perimental determination of the rapidity distribution for
perturbatively high values of pT would serve as a more
direct approach to resolve this issue. The H1 Collabora-
tion has already undertaken a first step in that direction
[10]. Another interesting issue is whether the gluon con-
tent of the resolved photon has been established by the
data. In the case of Hl (ZEUS), it makes up between
65%%uo and 8% (64'%%up and 5%%up) of the resolved contribution
and between 59%%up and 4%%up (58% and 3%) of the total one
for pT between 1.5 GeV and 15 GeV. Thus, it seems that,
in the absence of the gluon density inside the photon, the
theoretical prediction would significantly fall short of the
data at low pT . Again, the shape of the measured rapid-
ity spectrum would serve as an additional discriminator.

Finally, we' investigate if our FF s satisfy the momen-
tum sum rules. Guided by the idea that a given outgoing
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FIG. 6. The pT spectrum of inclusive charged-hadron pro-
duction as measured by Hl [10] is compared with the NLO
calculation in the MS scheme with Nf ——5 Savors using the
photon and proton PDF's of Refs. [34] and [35], respectively.
The dashed/solid/dotted curves correspond to the choices
( = 0.5/1/2.

FIG. 8. Comparison of the charged-kaon contributions
(dashed lines) with the full results (solid lines) for the the-
oretical calculations in Figs. 6 and 7. For better separation,
the charged-kaon contributions are divided by a factor of 2.
The upper (lower) curves correspond to Hl (ZEUS) condi-
tions.
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our conventional ansatz (16) according to the MLLA as
oulined at the end of Sec. IV. In NLO, the agreement
of our results with Eq. (24) is quite satisfactory at all
energies ~s and for all partons. In principle, Eq. (24)
might be used as a constraint for the construction of the
FF's. However, this is only reasonable if the very-small-
2; region is treated more accurately than we did here, so
that the FF's become regular for x —+ 0. In other words,
Eq. (24) does not qualify as a well-defined constraint in
conjunction with the conventional ansatz (16), since this
would introduce an appreciable dependence on the choice
of the lower bound of the integral in Eq. (24), which is,
to a certain extent, arbitrary.

VI. SUMMARY AND CONCLUSIONS
FIG. 9. Comparison of the direct-photon contributions

(dashed lines) with the full results (solid lines) for the the-
oretical calculations in Figs. 6 and 7. The steps in the
direct-photon contributions are due to the opening of the
pg —+ cc subprocess at the charm-quark threshold. The upper
(lower) curves correspond to Hl (ZEUS) conditions.

parton a will &agment with 100Fo likelihood into some
hadron h and that momentum is conserved during the
&agmentation process, we expect that

1) d»D."(x,Q') =1 (24)

holds for any value of Qz. In our analysis, the left-
hand side of Eq. (24) should be smaller than unity, since
we consider only pions, kaons, protons, and antipro-
tons, which does not exhaust the spectrum of all pos-
sible hadrons. We approximate the contributions due to
neutral pions, neutral kaons, and protons or antiprotons
by

D (xq )= D+ (xq—),

DK +E (~ Q2) DK++K (~ q2)

D".+"(»Q') = f(&)D: + (* q')

(25)

(26)

(27)

respectively, where f (x) was introduced in Eq. (17).
Equation (26) is in good agreement with data at vari-
ous energies [4,36], while Eq. (25) follows on &om SU(2)
symmetry. We take the lower limit of integration in
Eq. (24) to be 0.02. In Table II, we list the results ob-
tained with our NLO and LO FF's for Q = ~2, 4, 10, 91,
and 200 GeV. The accuracy of our results is limited due
to the uncertainty in the assumptions (25)—(27), and we
estiinate the error to be of the order of 10%. We observe
values appreciably larger than unity only for the strange-
quark FF's in LO. We mainly attribute this to the fact
that the lower limit of integration in Eq. (24) should be
larger than 0.02 for kaon production at the low ener-
gies ~s = ~2, 4, 10 GeV, and to a possible deficiency of
the LO approach. We believe that this unwelcome fea- .
ture will essentially disappear when the treatment of the
very-small-x region will be improved, e.g. , by modifying

We presented new sets of FF's for charged pions and
kaons, both at LO and NLO. They were fitted to data
on inclusive charged-pion and -kaon production in e e
annihilation taken by TPC [2] at PEP (~s = 29 GeV)
and by ALEPH [13,14] at LEP. In their charged-hadron
sample [13], ALEPH discriminated between events with
charm, bottom, and light-Bavor fragmentation. This en-
abled us to treat all partons independently and to prop-
erly incorporate the charm and bottom thresholds. We

just imposed the conditions D&
+ ——D„+ and

D, + = D„+,which are quite natural, since we
treated the u, d, and 8 quarks as massless, so that they
equally participate in the strong interaction. This consti-
tutes a considerable improvement of our previous analy-
sis [1] based just on the TPC data, where we could only
distinguish between valence-quark, sea-quark, and gluon
&agmentation and neglected the heavy-Bavor thresholds.
In order to control the gluon FF, we exploited recent
data on inclusive charged-hadron production in tagged
three-jet events by OPAL [15] and similar data for longi-
tudinal electron polarization by ALEPH [13]. Because of
the sizable energy gap between PEP and LEP, we were
also sensitive to the scaling violation in the ft. agmenta-
tion process. This allowed us to extract a value for A

We found A = 227 MeV (108 MeV) in NLO (LO),
in good agreement with the global analysis of LEP data
[31].

Although our FF's were only fitted to the TPC [2]
and ALEPH data [13,14], it turned out that they lead to
an excellent description of a wealth of other e+e data
on inclusive charged-hadron production, ranging &om
~s = 5.2 GeV to LEP energy [3—9]. In fact, we always
obtained y&F values of order unity. The only exception,
with y&F = 8, occurred in the longitudinal cross section
[13], which is of O(o.,) and suffers &om a considerable
scale ambiguity.

In order to quantitatively test the factorization theo-
rem of fragmentation in the QCD-improved parton model
at the quantum level, we made NLO predictions for the
pT spectrum of charged hadrons produced inclusively
in the scattering of quasireal photons on protons under
HERA conditions, and confronted them with new high-
statistics data by Hl [10] and ZEUS [18]. Also, here,
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TABLE II. Left-hand side of Eq. (24) at NLO for Q = ~2, 4, 10, 91, and 200 GeV. The numbers
in parentheses are evaluated with our LO set. We integrate over 0.02 ( x & 0.98 and sum over
pions, kaons, protons, and antiprotons.

~2
0.81 (1.06)
0.93 (1.03)
1.03 (1.64)

0.92 (1.07)

0.86 (1.01)
0.96 (0.99)
1.03 (1.50)
0.90 (1.10)

0.96 (0.98)

Q [GeV]

10
0.86 (0.98)
0.94 (0.96)
1.01 (1.41)
0.89 (1.05)
0.95 (1.12)
0.92 (0.91)

91
0.81 (0.89)
0.88 (0.88)
0.94 (1.25)
0.84 (0.95)
0.90 (1.02)
0.81 (0.78)

200
0.79 (0.86)
0.86 (0.85)
0.92 (1.20)
0.82 (0.92)
0.88 (0.99)
0.78 (0.75)

the outcome of the comparison was very encouraging,
especially in the lower pT range, where the experimen-
tal errors are smallest. We found first evidence for the
interplay between the direct- and resolved-photon mech-
anisms in the inclusive photoproduction of hadrons. Our
comparisons also support the notion that, during a &ac-
tion of time, the photon can interact with the partons
inside the proton like a gluon.
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APPENDIX: PARAMETRIZATIONS

For the reader's convenience, we shall present here sirn-
ple parametrizations of the x and Q2 dependence of our
FF. As usual, we introduce the scaling variable

For A we use the MS value appropriate to Nf ——5 Bavors,
since the parametrization would not benefit &om the in-

corporation of discontinuities in s. A is determined
from our fit to be 108 MeV (227 MeV) in LO (NLO).
Similarly to Eqs. (19)—(22), we use three different values
for Qp. namely,

~2 GeV if a = u, d, s, g,
Qp ——

& m(x7 ) = 2.9788 GeV if a = c,
m(T) = 9.46037 GeV if a = b.

(A2)

1.. LO FF's for (m+ + m )

D( ~ )(~ q ) D( )( qz).

This leads to three different definitions of s. For definite-
ness, we use the symbol 8 for charm and sb for bottom
along with s for the residual partons.

We parametrize our FF's by simple functions in x with
coefficients which we write as polynomials in s, s, and
sb. We find that the template

(A3)

is sufficiently Hexible, except for Db
' and Dg where(7f,NLO)

we include an additional factor (1 + p/x) on the right-
hand side of Eq. (A3). For s = s, = sb = 0, the
parametrizations agree with the respective Ansatze in
Eqs. (19)—(22). The charm and bottom parametrizations
must be put to zero by hand for s ( 0 and sb ( 0,
respectively.

We list below the parameters to be inserted in Eq. (A3)
for charged pions and kaons both at LO and NLO. The re-
sulting parametrizations correctly describe the AP evolu-
tion up to 10% for Qp ( Q ( 100 GeV and 0.1 ( z ( 0.8.
Deviations in excess of 10'Fp may occur for x ( 0.1.

ln (Q2/A2)
ln (Q2/A2) (A1)

N = 1.090 —1.198s + 0.757s —0.179s
o. = —0.850 —1.007s + 0.434s

P = 1.440 + 0.321s + 0.176s (A4)

A FoRTRAN subroutine that returns the FF's for given x
and Q xnay be obtained from the authors via electronxc mail
(binnewieoips107. desy. de, kniehlovms. mppxnu. mpg. de).

D(n, LO)
( q2)

N = 3.480 —2.463s + 0.523s
0, = —1.030 —0.362s + 0.030s

P = 3.900+ 0 833s —0 0.56s. (A5)
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D(m, LO}
( q2)

4 510 3 933s + 1 156s~
n = —0.860 —0.441s + 0.043s

P = 4.530+ 0 75. 2s —0.040s

D(w, LO}
( q2)

N = 3.600 —6.873sg + 8.697s& —5.258@&,

n = —1.120 —0.743sg + 0.367s& + 0.075s&,

p = 7.120 —0.596ab + 1 698. ab —0 759. sb .
D(n, LO}

( q2)

N = 6.570 —9.142s + 2.431s + 0.68ls
n = —0.460 —0.118s + 0.53ps' —0.72ps',
P = 3.010+ 1.924a+ 0.247s —0.731as,

p = 0.256s+ 0.458s

2. NLO FF's for (m+ + m )

D(m, NLO}
( q2) D(m', NLO}

( q2)

Ã = 1.150 —1.522s + 1.378s~ —0.527ss,
n = —0.740 —1.680s + 1.546s —0.596s

P = 1.430 + 0.543a —0.023a

D(m, NLO}
( q2)

N = 4.250 —3.147s + 0.755s
n = —0.770 —0.573s + 0.117s

P = 4.480+ 0.890s —0.138s

D(w, NLO}
( q2)

N = 3.990 —3.32ls, + 0.9258
n = —0.790 —0.520s, + 0.081s

P = 4.780+ 0.716a —0.075a, .

D(m, NLO}
( q2)

N = 4.010 —13.199sg + 18.208s& —6.536sb ~

n = —1.030 —1.931sg —1.372s& + 5.020sb ~

p = 7.860 —2.224sb + 0.206sb + 4.215sb,
p = —0.179sg+ 0.205m& .

D(w, NLO}
( q2)

N = 5.530 —9.228s + 5.192s —0.966s
n = —0.320 + 0.318s —0.561s

P = 2.700+ 2.553a —0.907a

p = 0.751s + 0.496s

8. LO FF's for (K+ + R )
D(K,LO}

( q2) D(K,LO}
( q2)

N = 0.380 —0.117s —0.010s
a = —1.230 —0.080s —0.039s

P = 1.060+ 0.716a —0.043s

(A6)

(A7)

(A8)

(A9)

(A10)

(A11)

(A12)

(A13)

(A14)

D(K,LO}
( q2)

N = 1.120 —0.669s + 0.104s
a = —0.920 —0.210s —0.034s

P = 2.850 + 0.851s —0.090a

D(K,LO}
( q2)

N = 0.620 —0.414' + 0.089s, ,

n = —0.670 —0.364s + 0.008s

P = 2.480 + 0.700s, —0.029a, .

D(K,LO}
( q2)

N =- 0.730 —0.498s~ + 0.123sb

n = —0.800 —0.311sg + 0.012s&,

p = 2.830+ 0.710ab + 0.012ab .

D(K,LO}( q2).

N = p.37p —0.872s + 0.797s —0.272s

n = —0.210 —0.280s —0.246s

P = 3.070+ 0.910s —0.422s

p = 0.835s+ 1.279s

4. NLO FF's for (K'+ + IC )

D(K,NLO}
( q2) D(K~NLO} (~ q2).

N = 0.310 —0.038s —0.042s

o. = —0.980 —0.260s + 0.008s

P = 0.970+ 0.978a —0.229a

D(K,NLO}
( q2)

N = 1.080 —0.469s + 0.003s
o, = —0.820 —0.240s —0.035s

P = 2.550 + 1.026a —0.246s

D(K,NLO}
( q2)

N = 0.810 —0.493m + 0.089s
o. = —0.690 —0.413s, + 0.042s

P = 2.980 + 0.686s, —0.045s, .

D(K,NLO}
( q2)

N = 0.610 —0.378sg + 0.070s~,
n = —0.880 —0.348sg + 0.031s&,
p = 2.930+ 0 638ab+ 0.0. 10ab .

D(K,NLO}
( q2)

N = 0.310 —0.325s —0.092s
a = —0.170 —0.214s —0.184s

P = 0.890+ 2.185a —0.471a

p = 1.154s —0.026s

(A16)

(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)
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